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Abstract
The recent observation of the the gravitational wave event GW170817 and
of its electromagnetic counterpart GRB170817A, from a binary neutron star
merger, has established that the speed of gravitational waves deviates from
the speed of light by less than one part in 1015. As a consequence, many ex-
tensions of General Relativity are inevitably ruled out. Among these we find
the most relevant sectors of Horndeski gravity. In its original formulation,
mimetic gravity is able to mimic cosmological dark matter, has tensorial per-
turbations that travel exactly at the speed of light but has vanishing scalar
perturbations and this fact persists if we combine mimetic with Horndeski
gravity. In this work, we show that implementing the mimetic gravity action
with higher-order terms that break the Horndeski structure yields a cosmo-
logical model that satisfies the constraint on the speed of gravitational waves
and mimics both dark energy and dark matter with a non-vanishing speed of
sound. In this way, we are able to reproduce the ΛCDM cosmological model
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without introducing particle cold dark matter.
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1. Introduction
The unknown fundamental nature of dark matter [1] and dark energy [2]
opens the way to a theory of gravity that might differ from General Relativ-
ity (GR) [3–7]. In particular, failure to detect different sorts of dark matter
particles encourages the search for alternative scenarios. Similarly, the cos-
mological constant of the standard ΛCDM cosmological model suffers from
a huge fine-tuning problem [8] and several attempts are being made to over-
come this issue by assuming a dynamical origin of the current accelerated
expansion of the Universe [9, 10]. In recent years, several models of modi-
fied gravity have been developed in order to reproduce the full expansionary
history of our Universe without invoking the presence of forms of matter
different other than standard baryonic matter and radiation [3–7].
There are several different ways in which GR can be modified. For in-
stance, one can add new combinations of the curvature invariants to the
Hilbert-Einstein action (see for instance [4, 6, 11–13] for the case of F (R)-
gravity). Another approach is offered by scalar-tensor theories of gravity,
wherein additional scalar fields are introduced and coupled to gravity. A par-
ticularly promising attempt in this direction is represented by Horndeski’s
theory of gravity [14]: this theory consists the most general class of scalar-
tensor gravitational theories where the equations of motion are second-order
differential equations (as in GR). Horndeski gravity provides a generic action
avoiding Ostrogradski instabilities [15–17]. Aside from Horndeski gravity and
F (R) gravity, a plethora of other models have been explored. The possibil-
ity of taking some of these theories off the table will ultimately rely upon
comparison with observations [18] (see e.g. [19] for the case of scalar-tensor
gravity), and gravitational waves (GWs) represent an extremely promising
arena in this direction.
Recently, the LIGO/Virgo collaboration observed the event GW170817,
produced by merger of a binary neutron star system [20]. Thereafter, a num-
ber of counterparts across the electromagnetic (EM) spectrum were observed.
In particular, the optical counterpart of the GW170817, the short gamma-
ray burst event GRB170817A, was observed by the Fermi Gamma-ray Burst
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Monitor and the Anti-Coincidence Shield on board the International Gamma-
Ray Astrophysics Laboratory (INTEGRAL) spectrometer [21]. The associa-
tion of GRB170817A to GW170817A, as well as the consistency of its arising
from a binary neutron star merger, was confirmed in [21–23].
The optical counterpart GRB170817A was detected within a time-delay of
δt = (1.734± 0.054) s from GW170817. Most of the time-delay is dominated
by astrophysical contributions, associated to the collapse of the hypermassive
neutron star formed during the merger. In [21], the size of these astrophysical
contributions was conservatively estimated as ≈ 10 s. This implies that GWs
travel at a speed cT which is extremely close to the speed of light: cT ≈ 1 1.
This astonishingly simple observation has already placed severe constraints
on several theories of modified gravity: any modified gravity model predicting
cT 6= 1 must now be seriously reconsidered, and several previously viable
theories of gravity are now excluded [24–28] (see [29, 30] for earlier important
work, see also [31–43]). Still, one could imagine models where the dispersion
relation of GWs is modified such that cT = 1 today and for a range of
wavelengths detectable by the LIGO/Virgo experiment. However, one might
generically expect such a model to bring along severe fine-tuning problem.
With these considerations in mind, in this paper we will focus on a model
with c2T = 1 throughout the entire evolutionary history and at all scales. The
possibility of a tiny violation of the c2T = 1 constraint, within the uncertainty
allowed by present data from the joint GW170817/GRB17081A detection,
will be entertained in a companion paper [44].
A particularly interesting theory of modified gravity is mimetic grav-
ity, proposed in 2013 by Chamseddine and Mukhanov [45] (see also [46–49]
for related and important earlier work). In the original work, the confor-
mal degree of freedom of gravity was isolated in a covariant way, through a
reparametrization of the physical metric gµν in terms of an auxiliary metric
g˜µν and the mimetic scalar field φ:
gµν = −g˜µν g˜αβ∂αφ∂βφ . (1)
It is easy to show that, for consistency, the following condition has to be
satisfied:
gµν∂µφ∂νφ = −1 . (2)
1We use natural units wherein the speed of light is set to c = 1.
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In [45], it was shown that the equations of motion resulting from the reparametriza-
tion of Eq. (1) mimic a pressureless fluid on cosmological scales, which can
identified with dark matter. Subsequently it was realized that the theory
is related to GR via a non-invertible disformal transformation involving the
mimetic field φ, thus explaining why the dynamics of the theory are modified
with respect to GR [50–52]. A simple extension of the original model featur-
ing a potential for the mimetic field, V (φ), has been shown to also be able
to mimic dark energy and provide an early-time inflationary era, as well as
some allowing for bouncing solutions [53]. In [53], it was also argued that the
mimetic constraint Eq. (2) can be enforced at the level of the action through
a Lagrange multiplier term. An incomplete list of works examining astro-
physical and cosmological issues in mimetic gravity can be found in [54–88],
while a recent review can be found in [89].
A comment on local gravity tests of mimetic gravity is in order. We
notice that, to date, there is no work thoroughly examining constraints on
mimetic gravity from local gravity, i.e. from modifications to the Newto-
nian potential within the Solar System. Efforts towards this direction were
nonetheless carried out in [90], which studied local gravity constraints within
a mimetic model closely related to the one we will study in this work [i.e.
setting a = b = 0 in the action given by Eq. (3)]. By studying the preces-
sion of Mercury’s perihelion, in [90] the constraint c . 10−18, where c is the
Lagrangian parameter appearing in the model we will study [Eq. (3)], was
found. In general, however, we note that mimetic models suffer from caustic
instabilities on small (galactic and subgalactic) scales, which imply that in
order for the theory to be mathematically consistent it requires an appropri-
ate “completion” which removes these caustic instabilities. So far, the issue
of how to remove the caustic instabilities has yet to receive a definite solution,
although work in this direction has been pursued [58, 90, 91]. Nonetheless, as
noted in [90], the details of how the mimetic theory is “completed” to avoid
caustic instabilities on small scales will then inevitably affect conclusions
concerning local gravity constraints. In the absence of a compelling caustic-
free mimetic theory which would lead to equally compelling local gravity
constraints, herein we conservatively choose to refrain from discussing local
gravity constraints on mimetic gravity further. The issue of local constraints
on mimetic gravity, nonetheless, is admittedly an important open problem to
which it is definitely worth returning within a more thorough study, which
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however falls beyond the scope of our work. 2
A particularly appealing variant of the original mimetic theory starts
from a “seed” Horndeski action rather than the Einstein-Hilbert one: in
other words, the mimetic constraint Eq. (2) is enforced on the scalar degree
of freedom of Horndeski gravity through a Lagrange multiplier term in the
action. The resulting mimetic Horndeski theory has been proposed in [93]
and subsequently studied in e.g. [94–97]. On a cosmological background, the
theory features a fluid mimicking dark matter. However, at the perturbative
level, this theory features some problems. In fact, the mimetic constraint kills
the wave-like parts of the Horndeski scalar degree of freedom and removes the
scalar degree of freedom of the theory. This implies that the speed of scalar
perturbations (the sound speed cs) vanishes. It is worth clarifying that a van-
ishing sound speed is problematic only if one wishes to perform inflation with
the mimetic field, because the resulting perturbations would fail in explain-
ing structure formation, as explained in [53]. In fact, if cs = 0, perturbations
of the mimetic field do not propagate in space. Quantizing such a field, and
consequently generating vacuum quantum fluctuations, is problematic for
many reasons (for instance, it would be hard to satisfy the appropriate com-
mutation relation with the conjugate momentum). This in turn hinders the
generation of perturbations which will then grow under gravitational insta-
bility to form the large-scale structure, one of the most important outcomes
of successful inflation. Perhaps more importantly, a vanishing sound speed of
the inflaton is also problematic from the observational point of view. In fact,
measurements of the CMB temperature and polarization anisotropies from
the Planck satellite (and in particular the absence of detection of primordial
non-Gaussianity) favour a speed of sound for the inflaton cs = 1, with a 95%
confidence level lower bound of cs > 0.024 [98]. This result excludes cs = 0
at high significance [98]. We wish to stress nonetheless that a vanishing
2We further note that no work so far has examined the possibility of invoking screen-
ing mechanisms to evade local gravity constraints if necessary. Vainshtein-like screening
mechanisms generally require non-linear kinetic terms which are likely to be strongly con-
strained following the joint GW170817/GRB170817A detection. It is moreover conceivable
that it would be in any case hard to implement screening mechanisms in mimetic grav-
ity given that, at least in the original scenario, the mimetic field is non-dynamical and
constrained (see however also [92] examining the gravitational slip in mimetic theories
consistent with GW170817/GRB170817A). We choose therefore not to discuss this issue
further in our paper.
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speed of sound is strictly speaking only a problem if one wishes to perform
inflation with the mimetic field, and not if one is only aiming at describing
dark matter (for which cs = 0 is instead quite natural, although a very tiny
but non-zero sound speed could nonetheless be desirable in order to possibly
avoid caustic instabilities [58, 90, 91]).
At any rate, it is worth considering modifications to the original mimetic
scenario which allow for a non-vanishing sound speed. An obvious way to
address this issue is to break the Horndeski structure of the theory, and
thereby removing the special tuning guaranteeing that the equations of mo-
tion are at most of second order. Nonetheless, the presence of the mimetic
constraint prevents the appearance of higher-than-second-order derivatives
in the equations of motion. In this work, we shall follow this procedure, and
consider the mimetic model proposed in [96], obtained by breaking the Horn-
deski structure of a starting mimetic Horndeski model, thus allowing for a
non-zero sound speed. The model is theoretically appealing as it appears in
the low-energy limit of projectable Horˇava-Lifshitz gravity, a well-motivated
candidate theory of quantum gravity. We will show that within this model,
after imposing constraints on the speed of GWs arising from the detection
of GW170817/GRB170817A, it is possible to mimic the ΛCDM evolutionary
history wherein the Universe is filled with dark matter in agreement with
observations.
This paper is organized as follows. In Sec. 2 we define the action of
the mimetic model we consider, and derive its equations of motion on a flat
FLRW background. In Sec. 3, we then perturb the FLRW line-element,
first considering scalar perturbations (Subsec. 3.1) which allow us to de-
rive the sound speed cs, and subsequently tensor perturbations (Subsec. 3.2)
which allow us to derive the gravitational wave speed cT and hence con-
sider constraints on the parameters of the model from the joint GW170817/
GRB170817A detection. In Subsec. 3.3 we address the problem of gradient
and ghost instabilities of the theory. In Sec. 4 we then consider late-time
solutions which mimic dark matter and dark energy in agreement with ob-
servations, first in a simplified vacuum case (Subsec. 4.1), and then in a
realistic setting adding radiation and baryonic matter (Subsec. 4.2), and fi-
nally calculate the resulting age of the Universe. We summarize our main
findings and provide concluding remarks in Sec. 5.
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2. Background equations
We consider the mimetic theory defined by the following action 3:
S =
∫
d4x
√−g
[
R(1 + 2aX)− c
2
(φ)2 + b
2
(∇µ∇νφ)2 − λ
2
(2X + 1)
− V + Lm
]
, (3)
where we set 16piGN = 1 (GN is Newton’s constant), g is the determinant of
the metric tensor gµν(x
i), Lm is the action of standard matter and radiation,
φ is the mimetic field, V ≡ V (φ) is a potential for the mimetic field, and X ≡
(1/2)gµν∇µφ∇νφ is the kinetic term of the field. The Lagrangian multiplier
λ is introduced to enforce the mimetic constraint Eq. (2) on the mimetic
field, while a , b , c are constant parameters. Note that when b = c = 4a we
recover a mimetic Horndeski model [14]. Breakage of the Horndeski structure
of the action is necessary in order for scalar perturbations to propagate [95,
96]. However, we will see that, on a Friedmann-Lemaˆıtre-Robertson-Walker
(FLRW) background, the model preserves the solutions of the corresponding
mimetic Horndeski Lagrangian up to a (constant) rescaling of the effective
Plank mass of the theory.
The action in Eq. (3) was first considered in [96], by explicitly breaking
the Horndeski structure of a starting mimetic Horndeski model. In [96], it was
argued that the model is related to the low-energy limit of Horˇava-Lifshitz
gravity [102], a candidate theory of quantum gravity which achieves power-
counting renormalizability by explicitly breaking diffeomorphism invariance.
In fact, the motivation for studying the original mimetic Horndeski model
in [96] was related to attempts to achieve power-counting renormalizability
a` la Horˇava, albeit via a dynamical rather than explicit breaking of diffeo-
morphism invariance, through a non-standard coupling of curvature to the
energy-momentum tensor of an exotic fluid. In these “covariant renormaliz-
able gravity” theories, issues of infrared strong-coupling in Horˇava-Lifshitz
gravity, due to the appearance of an unphysical extra mode related to the
explicit breaking of diffeomorphism invariance [106–108], are circumvented.
Let us now consider the equations of motion of our mimetic model, which
are obtained by varying the action with respect to the metric, the Lagrange
3See also [99–101], where related Horndeski and beyond Horndeski models, as well as
their ability to mimic dark matter on cosmological and galactic scales, were studied.
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multiplier, and the mimetic field. Varying the action with respect to the
metric we get
(1 + 2aX)Gµν +∇µφ∇νφ
(
aR− λ
2
)
−1
2
gµν
[
b
2
φαβφ
αβ − c
2
(φ)2 − λ
2
(2X + 1)− V
]
+2a(gµνX −∇µ∇νX)
− b
2
gαβ [∇α(φµβ∇νφ) +∇α(φνβ∇µφ)−∇α(φµν∇βφ)] + bφαµφαν
+
c
2
[∇νφ∇µ(φ) +∇µφ∇ν(φ)− gµνgαβ∇α(φ∇βφ)] = 1
2
Tµν , (4)
where Gµν is Einstein’s tensor and Tµν represents the stress tensor of standard
baryonic matter and radiation. Here we set φµν ≡ ∇ν∇µφ. Variation of the
action with respect to the field φ yields:
(λ− 2aR)(∇µ∇µφ) + (∇µφ)(∇µλ)− 2a(∇µR)(∇µφ)
+ b(∇ν∇µ∇ν∇µφ)− c(∇µ∇µ∇ν∇νφ)− ∂V (φ)
∂φ
= 0 . (5)
Finally, variation with respect to the Lagrange multiplier λ enforces the
mimetic constraint:
X = −1
2
. (6)
We choose to work within a flat FLRW space-time, whose line-element is
given by:
ds2 = −dt2 + A(t)2(dx2 + dy2 + dz2) , (7)
In the above, A ≡ A(t) is the cosmological scale factor and is a function of
the time only. We have chosen to denote the scale factor by A instead of
a in order to avoid possible confusion with the Lagrangian parameter a in
Eq. (3). On this background, the mimetic constraint immediately allows for
the identification of the field with the cosmological time (up to a constant),
namely:
φ = t . (8)
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With this identification, from the (0, 0) and (1, 1) components of (4) we
obtain the equations of motion (EOMs):
(−6c+ 24a)H˙ + (36a+ 9c+ 12− 9b)H2 − 2V − 2λ− 2ρm = 0 , (9)
3H2 + 2H˙ =
2V − 2Pm
4− 4a− b+ 3c , (10)
where H ≡ H(t) = A˙/A is the Hubble parameter. Here, we denote the time
derivative with a dot, and ρm and Pm correspond to the combined energy
density and pressure of baryonic matter and radiation.
The Klein-Gordon (KG) equation of the field, Eq. (5), taking into account
Eq. (8), reads:
1
A3
d
dt
[
A3
(
λ+ (3b− 24a)H2 + (3c− 12a)H˙
)]
= −dV
dt
, (11)
while the continuity equation ∇µT µν = 0 for baryonic matter and radiation
assumes the standard form:
ρ˙m + 3H(ρm + Pm) = 0 . (12)
Note that when the Horndeski structure for the φ sector of the action Eq. (3)
is recovered, i.e. when c = 4a, the H˙ term in Eq. (11) disappears, leaving a
second order differential equation.
Given the equation of state of the matter fluid (12), once the form of
the potential V is chosen, the system of equations (9,10) can be solved with
respect to A(t) and λ. Alternatively, one can use Eq. (11) with one of Eqs. (9,
10). In this case, from Eq. (11) we get:
ρdf(t) =
C
A(t)3
+
3
A(t)3
∫ t
V (t′)A(t′)3H(t′)dt′ , (13)
where C > 0 is an integration constant which sets the amount of mimetic
dark matter, as the corresponding contribution to the energy density decays
as a−3, as expected for a pressureless component. In the above expression,
ρdf is defined by:
ρdf := λ+ V + (3b− 24a)H2 + (3c− 12a)H˙ , (14)
and can be read as an effective energy density of an induced dark fluid with
effective pressure
Pdf := −V . (15)
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It is then easy to verify that:
ρ˙df + 3H(ρdf + Pdf) = 0 . (16)
Rearranging Eqs. (9)-(10) we obtain:
6H2 =
4
4− b+ 3c− 4a (ρdf + ρm) ,
−4H˙ − 6H2 = 4
4− b+ 3c− 4a (Pdf + Pm) . (17)
We recognize the above as being Friedmann-like equations, with the Planck
mass rescaled by a factor (4 − b + 3c − 4a)/4. The quantity by which the
Planck mass is rescaled determines the effective Newton constant. Enforcing
that the rescaling is positive implies:
4− b+ 3c− 4a > 0 . (18)
Notice that for a = b = 0 we recover the results of [53], which extended the
original mimetic action by a term proportional to (φ)2.
We immediately see that a constant potential V in Eqs. (14,15) can be
exploited to model dark matter and dark energy through the corresponding
fluid. For more complex potentials, given in the action as functions of φ (and
therefore of t thanks to the mimetic constraint) and not as functions of the
scale factor A, the dark fluid will model various types of fluids while leaving
the dark matter sector unchanged.
In the next sections we will explore the perturbations of this model and
find physical constraints on the Lagrangian parameters. Then we will analyse
the background solutions for different forms of the potential V .
3. Perturbations on a FLRW background
As mentioned above, one of the main problems in mimetic gravity is the
vanishing sound speed, implying the non-propagation of scalar perturbations.
The problem persists even in mimetic Horndeski gravity. We have seen that
breaking the Horndeski form of the φ sector, we can find a non-vanishing
sound speed [95, 96]. However, this comes at the risk of modifying the
speed of gravitational waves cT , which in the original mimetic gravity model
is identically equivalent to the speed of light, cT = 1. Enforcing that cT
remains equal to the speed of light when considering the mimetic model of
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Eq. (3) will strongly constrain the Lagrangian parameters. We will now
discuss these issues in detail, and begin by computing the sound speed cs
and the gravitational wave speed cT .
3.1. Scalar perturbations
We begin by considering scalar perturbations around a flat FLRW line-
element. In Newtonian gauge, the perturbed metric reads:
ds2 = − [1 + 2Φ(t, x, y, z)] dt2 + A(t)2 [1− 2Ψ(t, x, y, z)] δijdxidxj . (19)
We perturb the mimetic field and the Lagrange multiplier field as follows:
φ = t+ δφ(t, x, y, z) , λ = λ0(t) + λ1(t, x, y, x) , (20)
where |δφ/t| , |λ1/λ|  1. The mimetic constraint yields Φ = δφ˙ and the
i 6= j components of the perturbed field equations [Eq. (4)] give:
(1− a)Ψ− b
2
Hδφ+
(
a− b
2
− 1
)
δφ˙ = 0 . (21)
By substituting this result into any of the tj components of Eq. (4) leads to:
δφ¨+Hδφ˙+
[
H˙ +
c2s(ρm + Pm)
b− c
]
δφ− c
2
s
A2
∇2δφ = −A(t)c
2
s
b− c (ρm + Pm)vm ,
(22)
where
c2s =
2(b− c)(a− 1)
(2a− b− 2)(4− 4a− b+ 3c) , (23)
is the squared speed of sound. In the expression above, vm is the matter
velocity.
Recall that we have defined ρm and Pm to include both the baryonic
matter and radiation components, although in principle one could separated
them in the above discussion: that is, the term (pm + ρm)vm should really be
considered as a sum over the baryonic matter and radiation contributions.
Notice also that in the limit a = 0, b = 0 and c = −2γ we find the results
of [53]. Notice finally that these results are independent of the choice of the
field potential V .
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3.2. Tensor perturbations
Let us now turn our attention to tensor perturbations. The line-element
is perturbed as:
ds2 = −dt2 + A(t)2(1 + h+)dx2 + 2A(t)2h×dxdy + A(t)2(1− h+)dy2
+ A(t)2dz2 , (24)
where we have chosen the TT-gauge. We denote by h×,+ the two polarisation
states of the linear tensor perturbations. By inserting this into the Einstein
equations and by using the unperturbed equations, we find the perturbed
equation at the first order, where h = h× or h = h+:
h¨+ 3Hh˙− 2(1− a)
2− 2a+ b
1
A(t)2
∂2h
∂z2
= 0 . (25)
From the above, we read off the squared gravitational wave speed
c2T =
2(1− a)
2− 2a+ b . (26)
Clearly, the gravitational wave speed is in general different from the speed of
light. Notice furthermore that the tensor perturbations are not affected by
the presence of standard matter.
We clearly see that in order to satisfy the recent constraint from GW170817
/GRB17081A which enforces c2T ' 1, we have to consider |b|  1. In fact,
the requirement that cT ≡ 1 forces b to be identically 0. We will consider
further implications of these findings in the next sections.
3.3. Ghost and gradient instabilities
The numerical results obtained below show that, for V = const, we have
ρdf + Pdf = ρdf(1 + ωdf) > 0 (see Fig. 1). This implies that the dark fluid
does not violate the null energy conditions, at least when V is constant.
Nevertheless, this does not guarantee that ghost and gradient instabilities
are absent. As shown, for instance, in [117], a similar mimetic model has
unavoidable scalar gradient instabilities while ghost instabilities disappear in
certain areas of the parameter space. Our case, however, is more complicated
because of the non-minimal coupling to gravity of the kinetic term X, see
Eq. (3). The effects of the non-minimal coupling can be spotted by inspecting
Eq. (22), where the speed of sound c2s is modulated by the factor (b − c)−1,
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but only in the matter sector, i.e. an effective sound speed c2s,eff = c
2
s/(b− c)
appears. If b = 0 and c > 0 we see that c2s and c
2
s,eff are always opposite in
sign.
To shed further light on the behaviour of perturbations, we consider the
action to quadratic order in both scalar and tensor perturbations. For the
scalar sector a straightforward calculation gives:
S
(2)
S = 2(1− a)
∫
d4xA4H2
[
− 1
c2s
˙δφ
2
+
1
A2
(∂kδφ)
(
∂kδφ
)
+ . . .
]
, (27)
where . . . stands for terms proportional to δφδφ and δφ ˙δφ which are not
important for the stability analysis. For the tensor sector we obtain:
S
(2)
T =
1
4
(1− a)
∫
d4xA3
[
h˙2
c2T
− 1
A2
(
∂h
∂z
)2]
. (28)
From Eq. (28) one sees that in order for tensor perturbations to not
suffer from instabilities, we must set a < 1, so that both terms on the right-
hand side of the quadratic action for tensor perturbations appear with the
right sign. However, this choice leads, as can be straightforwardly seen from
Eq. (27), to gradient instability in the scalar sector and, depending on the sign
of c2s, also to ghost instability. When b = a = 0, we recover the same result
of [117], up to some irrelevant normalisation factors. Thus, as suggested also
in this work, the only way to avoid ghost instabilities is to choose c2s < 0
4. By
combining Eqs. (17,23) we see that, for b = 0, c2s and c must have opposite
signs. Thus, the conditions a < 1 and c > 0 guarantee that the theory is
free from ghost instabilities in both the scalar and tensor sectors, although
gradient instabilities are still present in the scalar sector.
However, as discussed above, the instability might be tamed by the fact
that c2s,eff = c
2
s/(b − c) > 0 when c2s < 0 and c > 0 in the limit where
b→ 0, i.e. the effective sound speed in the presence of matter non-minimally
coupled to gravity might actually be positive. A thorough analysis of these
perturbed equations goes beyond the scope of this paper but it certainly
worth investigating in a follow-up work.
4In [117] the quantity (2− 3γ)/γ corresponds to our c−2s .
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4. Late-time cosmological evolution
The main goal of this section is to find solutions mimicking dark mat-
ter and/or dark energy in the late Universe, while respecting observational
bounds on the speed of scalar and tensor perturbations. To simplify the
discussion, we will force the gravitational wave speed cT to be identically
equal to the speed of light, cT = 1: as we have seen previously, this implies
setting the Lagrangian parameter b to 0. In other words, a term of the form
∇µ∇νφ∇µ∇νφ is forbidden from appearing in the action, Eq. (3).
4.1. Vacuum case
Let us begin by considering the idealized case of vacuum, where no cos-
mological matter is present. Then, the dark fluid density (and pressure) are
by definition the effective ones. Then, from the first equation in Eq. (17)
combined with Eq. (14) and imposing b = 0 we get:
6H(t)2 =
4
4 + 3c− 4a
[
C
A(t)3
+
3
A(t)3
∫ t
V (t′)A(t′)3H(t′)dt′
]
, (29)
while the effective Equation of State (EoS) parameter of the Universe, fol-
lowing Eqs. (14,15), is given by the following:
ωdf :=
Pdf
ρdf
=
−V
V + λ− 24aH2 + (3c− 12a)H˙ . (30)
Now, given a specific form for the scale factor A(t), and therefore a specific
form for the Hubble parameter H(t), is possible to reconstruct from Eq. (29)
the potential V as a function of t and therefore of φ. Moreover, the on-shell
form of λ can be inferred from Eq. (30).
Observations reveal that the Universe today is dominated by dark mat-
ter and dark energy. Recent measurements of the CMB temperature and
polarization anisotropies and their cross-correlations, in combination with
geometrical measurements from Baryon Acoustic Oscillations and Super-
novae Type-Ia luminosity distance measurements, suggest that the equation
of state of dark energy is extremely close to the the cosmological constant
value ω = −1, although small deviations from −1 either in the quintessence
or the phantom region are still allowed by data [109]. In particular, the 68%
confidence level allowed region for the dark energy equation of state is given
by [109]:
− 1.0051 < ωDE < −0.961 , (31)
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Since it is expected that the future evolution of the Universe be dominated
by dark energy, let us consider the far-future evolutionary history in our
model where we neglect the contribution of the dark matter, setting C = 0
in Eq. (29). In order to describe all the three possible regimes of ωdf (cosmo-
logical constant-like, quintessence-like, and phantom-like), we will consider
the following possibilities:
A(t) = eH(t−t0) ωdf = −1 , (32)
A(t) =
(
t
t0
) 2
3(1+ωdf)
ωdf > −1 , (33)
A(t) =
(
t∗ − t
t∗ − t0
) 2
3(1+ωdf)
ωdf < −1 , (34)
where t0 is the present time for which A(t0) = 1, while t
∗ , t < t∗ is the time
of the Big Rip [110] (which emerges within phantom cosmologies, but which
can be avoided if a de Sitter Universe is asymptotically reached [111], or
in certain modified gravity theories [112]). Furthermore, we note that the
Hubble parameter H in the case ω = −1 is a constant.
4.1.1. Potential for ωdf = −1
Let us start with the scale factor Eq. (32), where H is constant. By
choosing the constant potential:
V (t) = 2Λ , (35)
where Λ is the cosmological constant, from Eq. (29) we obtain:
6H2 =
4
4 + 3c− 4a (2Λ) , (36)
which is the solution one would expect for a Λ-dark energy dominated uni-
verse (up to the Planck mass rescaling factor). Notice that from Eq. (30) a
constant λ = 24aH2 is needed in order to have ωdf = −1.
4.1.2. Potentials for −1 < ωdf
Let us now consider an equation of state in the quintessence region. Using
the quintessence potential:
V (t) = α
(
t0
t
)2
= α
(
φ0
φ
)2
, (37)
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where φ0 = φ(t0), we recover the scale factor evolution Eq. (33). The constant
α follows from Eq. (29) and reads:
αt20 = −
2ωdf
3(1 + ωdf)2
(4 + 3c− 4a) . (38)
We see that α is positive when ωdf < 0. More specifically, the constraint
Eq. (31) leads to:
420 (4 + 3c− 4a) . αt20 < +∞ , (39)
where ωdf = −1 corresponds to the limit α→ +∞.
4.1.3. Potentials for ωdf < −1
Finally, let us consider the case where the equation of state is phantom.
Similarly to the previous case, we can use a potential of the form:
V (t) = β
(
t∗ − t0
t∗ − t
)2
= β
(
φ∗ − φ0
φ∗ − φ
)2
, (40)
where φ∗ = φ(t∗) and φ0 = φ(t0), in order to find the scale factor evolution
Eq. (34). From Eq. (29) we find that the constant β reads:
β(t∗ − t0)2 = − 2ωdf
3(1 + ωdf)2
(4 + 3c− 4a) , (41)
and therefore:
25800 (4 + 3c− 4a) . β(t∗ − t0)2 < +∞ , (42)
where we have used Eq. (31) and ωdf = −1 corresponds to the limit β → +∞.
4.2. Adding radiation, baryons, and dark matter
In this section we numerically solve the system of equations given by
the continuity equations for the cosmological matter [Eq. (12)] and the dark
fluid [Eq. (16)], as well as the second Friedmann equation in Eq. (17), using
the constant potential V (t) = 2Λ, as in Eq. (35). We consider the action
parameter b = 0 for in order to ensure cT = 1 and hence agreement with
GW170817/GRB170817A, and we take a < 1 and c > 0 (from the require-
ments on the stability for b ≈ 0) as free parameters. We further impose that
the Planck mass is rescaled to a positive quantity, Eq. (18).
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We plot the fractional densities defined as:
Ωi(t) =
4
4 + 3c− 4a
ρi(t)
6H(t)2
, (43)
where the index i can correspond to r (radiation), b (baryonic matter) or df
(dark fluid), where the dark fluid will include dark energy and dark matter,
since in general C 6= 0 in Eq. (13). The factor in front of the density is
needed if we require the fractional densities of all the components (radiation,
baryionic matter and dark fluid) to sum to one at any time t. With this
definition we expect the Ω’s to not depend on the action parameters a and
c.
Note that, in order to evolve the system and solve the differential equa-
tions, we need to consider some initial conditions. We set Ωr(t0) = 8× 10−5
and Ωb(t0) = 0.0486 (values in agreement with [109]), and compute the re-
maining dark fluid density through 1−Ωr(t0)−Ωb(t0). We evolve the system
from a scale factor A = 10−5 (radiation era) to A = 1 (present time).
The evolution we obtain is depicted in Fig. 1. The fractional densities
behave exactly as the ones of ΛCDM, with the dark fluid corresponding to
the cold dark matter and dark energy of ΛCDM. As already mentioned, we
obtain the same fractional densities for every value of c and a.
Let us further analyse how varying a and c affects the age of the Universe,
which is given by:
t0 ≡
∫ 1
0
dA
AH(A)
=
√
4 + 3c− 4a
4
∫ 1
0
dA
AH0
√
1
6
∑
i Ωi(A)
, (44)
where H0 = H(t0), and we have written the integral as a function of the
fractional densities as they do not depend on a and c. Since the factor in
front of the integral is 1 if the action parameters satisfy the condition 4a = 3c
(and therefore also in the case of GR a = c = 0), we expect the value of the
age of the universe to be different from 1 with a dependence on the action
parameters given by
t0 =
√
4 + 3c− 4a
4
t0|4a=3c ≡ γ t0|4a=3c . (45)
Notice that the parameter γ is always real, because of the condition imposed
in Eq. (18). We show some results in Tab. 1, where we confirm that Eq. (45)
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Figure 1: Plot of the evolution of the fractional densities Ω, defined in equation (43), for
the cosmological matter components (baryionic matter and radiation) and the dark fluid,
and the equation of state parameter ωdf, as functions of the scale factor A.
is obeyed by our numerical results. The conclusion is that, although the
evolution of the fractional densities of the dark fluid corresponds to the one
expected in ΛCDM, the age of the Universe we predict will in general be
different unless 4a = 3c. In addition to the constraint on b from the speed of
gravitational waves, constraints on the age of the Universe can in principle
be used to further constrain the parameters a and c.
To get a rough feel for how constraints on the age of the Universe can re-
strict the viable a-c parameter space, we note that the ≈ 0.3% determination
of the age of the Universe from the Planck satellite [109] can in turn be used
to constrain γ, leading to the approximate requirement γ = 1.000 ± 0.003.
This requirement can be used to set bounds on a and c. Focusing for definite-
ness on the region of parameter space where a , c . O(1), in Fig. 2 we show
a contour-plot of γ =
√
(4 + 3c− 4a)/4 as a function of a and c, along with
the contours corresponding to γ = 1.009, γ = 1.000, and γ = 0.991. These
values approximately correspond to the 3σ upper limit, best fit, and 3σ lower
limit on γ respectively, arising from the constraint γ = 1.000± 0.003. These
contours lie along lines of constant values of the linear combination 4a− 3c.
Moreover, as expected, we see that limits on the age of the Universe do not
constrain the parameters a and c per se, but rather the “orthogonal” linear
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combination 4a− 3c (in this sense, the combination 4a− 3c can be thought
of as a principal component of the system), as is clear from the functional
form of γ.
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Figure 2: Contour-plot of γ =
√
(4 + 3c− 4a)/4 in the a-c parameter space, focusing for
definiteness on the region of parameter space where a , c . O(1). The black, red, and
blue lines correspond to contours of constant γ = 1.009, γ = 1.000, and γ = 0.991. These
values approximately correspond to the 3σ upper limit, best fit, and 3σ lower limit on
γ respectively, given the constraint γ = 1.000 ± 0.003 which we derive from the 0.3%
determination of the age of the Universe from Planck [109]. Notice that the contours lie
along lines of constant 4a− 3c, as expected given the functional form of γ.
5. Conclusions
In this paper we have studied a mimetic model constructed in [96] by
breaking the Horndeski structure of a starting mimetic Horndeski model in
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a c t0 numerical [Gyr] γ
0 0 13.818 1
0.75 1 13.818 1
0.075 0.1 13.818 1
0.1 0.1 13.644 0.99 = 13.644/13.818
0.5 0.1 10.478 0.76 = 10.478/13.818
0 1 18.280 1.32 = 18.280/13.818
Table 1: Table of the results for the age of the universe, as function of the action parameters
a and c. The factor γ is defined in equation (45).
order to achieve a non-zero sound speed. We explored the model in light of
the recent near-simultaneous detection of GW170817/GRB170817A, which
implies that the speed of tensor perturbations cT is extremely close to the
speed of light. In light of this constraint, we then showed how the model can
closely mimic the evolution of dark matter and dark energy.
We have found that the stringent constraint on the speed of gravitational
waves, equal to the speed of light up to deviations of order 1 part in 1015 [21],
severely constrains the Lagrangian parameter b, which controls the strength
of a term of the form ∇µ∇νφ∇µ∇νφ in the action, Eq. (3). In the limit where
we force cT to be identically equal to the speed of light, b = 0 is required.
We have found that the other two Lagrangian parameters a and c lead to
a constant rescaling of the Planck mass, where the unscaled Planck mass of
GR is recovered for 3c = 4a. The smallness of the parameter b, which might
lead to a fine-tuning problem, deserves a further comment. When integrated
by parts, the relevant term in the action, ∇µ∇νφ∇µ∇νφ, leads to a term
proportional to φ2φ. In [113] (see also [114, 115]), it was argued that such
a term appears when considering 1-loop corrections to the cubic Galileon
action. While the analysis of [113] is, not directly applicable to our model,
the results tempt us to speculate that the smallness of b might in fact be due
to the relevant term being a quantum correction, with the bare parameter
being b = 0. A detailed analysis of the issue, however, is well beyond the
scope of this paper, and hence we defer it to future work.
By considering the addition of radiation and baryonic matter, we have
numerically solved the modified Friedmann equation and shown that the
system can closely mimic an evolutionary history of the Universe consistent
with the standard ΛCDM one at the background level: that is, the mimetic
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model in question with b = 0 (in order to comply with constraints from
G170817/GRB170817A) can mimic, at the background level, dark matter
and dark energy consistently with observations. We have calculated the age
of the Universe within the model and find that the ΛCDM value for this quan-
tity is recovered when 3c = 4a (which leads to an unscaled Planck mass) as
well as for the trivial case where a = c = 0. Therefore, we expect the ap-
proximate relation 3c ' 4a to hold.
A final consideration concerning the stability of the theory is necessary.
We have shown that, in order to avoid ghost instabilities, we need a negative
squared sound speed c2s together with c > 0. However, gradient instabilities
are still present in the scalar sector but these might be mildened because
of the matter field contributions. The stability issue has been studied in
many recente papers, see e.g. [116–125]. While definitive consensus on the
matter is yet to be reached, we notice that these issues are likely to affect our
model as well, thus mining its theoretical viability. Nonetheless, solutions to
these issues have been proposed, involving direct couplings between higher
derivatives of the mimetic field and curvature, for instance of the form f(φ)
or ∇µ∇νRµν [120, 121, 125]. Of course, such terms would be expected to
modify the prediction for cT we derived in Eq. (26), and could possibly be
in conflict with the GW170817/GRB170817A detection. We defer a study of
these issues to a separate work.
In conclusion, we have presented a mimetic model which is in perfect
agreement with the recent multi-messenger detection of GW170817 and of
GRB170817A, and mimics the evolutionary history of a Universe filled with
dark matter and dark energy in agreement with observations at the back-
ground level. The model is somewhat appealing in that it appears in the low-
energy limit of a well-known candidate theory of quantum gravity, namely
Horˇava-Lifshitz gravity. A detailed study of cosmological perturbations within
the model would be necessary in order to confront it with measurements of
the CMB temperature and polarization anisotropies, which constrain many
modified gravity models, as well as measurements of the growth of structure,
for instance from redshift-space distortions. We defer this issue to future
work. In a companion paper [44], we perform a detailed Bayesian statis-
tical analysis constraining the Lagrangian parameters a, b, and c in light
of the GW170817/GRB170817A detection, therefore allowing for deviations
of cT from the speed of light in agreement with experimental constraints:
this represents the first time a mimetic model is robustly confronted against
21
observations.
References
References
[1] K. Garrett and G. Duda, Adv. Astron. 2011 (2011) 968283
[2] J. Frieman, M. Turner and D. Huterer, Ann. Rev. Astron. Astrophys.
46 (2008) 385
[3] S. Nojiri and S. D. Odintsov, eConf C 0602061 (2006) 06 [Int. J. Geom.
Meth. Mod. Phys. 4 (2007) 115]
[4] S. Nojiri and S. D. Odintsov, Phys. Rept. 505 (2011) 59
[5] T. Clifton, P. G. Ferreira, A. Padilla and C. Skordis, Phys. Rept. 513
(2012) 1
[6] S. Capozziello and M. De Laurentis, Phys. Rept. 509 (2011) 167
[7] S. Nojiri, S. D. Odintsov and V. K. Oikonomou, Phys. Rept. 692 (2017)
1
[8] S. Weinberg, Rev. Mod. Phys. 61 (1989) 1.
[9] E. J. Copeland, M. Sami and S. Tsujikawa, Int. J. Mod. Phys. D 15
(2006) 1753
[10] K. Bamba, S. Capozziello, S. Nojiri and S. D. Odintsov, Astrophys.
Space Sci. 342 (2012) 155
[11] T. P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82 (2010) 451
[12] A. De Felice and S. Tsujikawa, Living Rev. Rel. 13 (2010) 3
[13] L. Sebastiani and R. Myrzakulov, Int. J. Geom. Meth. Mod. Phys. 12
(2015) no.9, 1530003
[14] G. W. Horndeski, Int. J. Theor. Phys. 10 (1974) 363.
[15] T. j. Chen, M. Fasiello, E. A. Lim and A. J. Tolley, JCAP 1302 (2013)
042;
22
[16] C. de Rham and A. Matas, JCAP 1606 (2016) no.06, 041
[17] D. Langlois and K. Noui, JCAP 1602, no. 02, 034 (2016)
[18] K. Koyama, Rept. Prog. Phys. 79 (2016) no.4, 046902
[19] D. Alonso, E. Bellini, P. G. Ferreira and M. Zumalaca´rregui, Phys.
Rev. D 95 (2017) no.6, 063502
[20] B. P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Phys.
Rev. Lett. 119 (2017) no.16, 161101
[21] B. P. Abbott et al. [LIGO Scientific and Virgo and Fermi-GBM and
INTEGRAL Collaborations], Astrophys. J. 848 (2017) no.2, L13
[22] A. Goldstein et al., Astrophys. J. 848 (2017) no.2, L14
[23] A. Murguia-Berthier et al., Astrophys. J. 848 (2017) no.2, L34
[24] P. Creminelli and F. Vernizzi, Phys. Rev. Lett. 119 (2017) no.25,
251302
[25] J. Sakstein and B. Jain, Phys. Rev. Lett. 119 (2017) no.25, 251303
[26] J. M. Ezquiaga and M. Zumalaca´rregui, Phys. Rev. Lett. 119 (2017)
no.25, 251304
[27] T. Baker, E. Bellini, P. G. Ferreira, M. Lagos, J. Noller and I. Sawicki,
Phys. Rev. Lett. 119 (2017) no.25, 251301
[28] J. M. Ezquiaga and M. Zumalaca´rregui, arXiv:1807.09241 [astro-
ph.CO].
[29] L. Lombriser and A. Taylor, JCAP 1603 (2016) no.03, 031
[30] L. Lombriser and N. A. Lima, Phys. Lett. B 765 (2017) 382
[31] S. Boran, S. Desai, E. O. Kahya and R. P. Woodard, Phys. Rev. D 97
(2018) no.4, 041501
[32] S. Nojiri and S. D. Odintsov, Phys. Lett. B 779 (2018) 425
[33] S. Arai and A. Nishizawa, Phys. Rev. D 97 (2018) no.10, 104038
23
[34] L. Amendola, M. Kunz, I. D. Saltas and I. Sawicki, Phys. Rev. Lett.
120 (2018) no.13, 131101
[35] L. Visinelli, N. Bolis and S. Vagnozzi, Phys. Rev. D 97 (2018) no.6,
064039
[36] M. Crisostomi and K. Koyama, Phys. Rev. D 97 (2018) no.2, 021301
[37] D. Langlois, R. Saito, D. Yamauchi and K. Noui, Phys. Rev. D 97
(2018) no.6, 061501
[38] A. Emir Gu¨mru¨kc¸u¨og˘lu, M. Saravani and T. P. Sotiriou, Phys. Rev. D
97 (2018) no.2, 024032
[39] C. D. Kreisch and E. Komatsu, arXiv:1712.02710 [astro-ph.CO].
[40] N. Bartolo, P. Karmakar, S. Matarrese and M. Scomparin, JCAP 1805
(2018) no.05, 048
[41] A. Dima and F. Vernizzi, Phys. Rev. D 97 (2018) no.10, 101302
[42] Y. F. Cai, C. Li, E. N. Saridakis and L. Xue, Phys. Rev. D 97 (2018)
no.10, 103513
[43] K. Pardo, M. Fishbach, D. E. Holz and D. N. Spergel, JCAP 1807
(2018) no.07, 048
[44] A. Casalino, M. Rinaldi, L. Sebastiani, S. Vagnozzi, in preparation
(2018).
[45] A. H. Chamseddine and V. Mukhanov, JHEP 1311 (2013) 135
[46] E. A. Lim, I. Sawicki and A. Vikman, JCAP 1005 (2010) 012
[47] C. Gao, Y. Gong, X. Wang and X. Chen, Phys. Lett. B 702 (2011) 107
[48] S. Capozziello, J. Matsumoto, S. Nojiri and S. D. Odintsov, Phys. Lett.
B 693 (2010) 198
[49] M. Zumalaca´rregui and J. Garc´ıa-Bellido, Phys. Rev. D 89 (2014)
064046
[50] N. Deruelle and J. Rua, JCAP 1409 (2014) 002
24
[51] G. Dome`nech, S. Mukohyama, R. Namba, A. Naruko, R. Saitou and
Y. Watanabe, Phys. Rev. D 92 (2015) no.8, 084027
[52] J. Ben Achour, D. Langlois and K. Noui, Phys. Rev. D 93 (2016) no.12,
124005
[53] A. H. Chamseddine, V. Mukhanov and A. Vikman, JCAP 1406 (2014)
017
[54] A. Golovnev, Phys. Lett. B 728 (2014) 39
[55] A. O. Barvinsky, JCAP 1401 (2014) 014
[56] S. Nojiri and S. D. Odintsov, Mod. Phys. Lett. A 29 (2014) no.40,
1450211
[57] H. Saadi, Eur. Phys. J. C 76 (2016) no.1, 14
[58] F. Capela and S. Ramazanov, JCAP 1504 (2015) 051
[59] L. Mirzagholi and A. Vikman, JCAP 1506 (2015) 028
[60] G. Leon and E. N. Saridakis, JCAP 1504 (2015) no.04, 031
[61] Z. Haghani, T. Harko, H. R. Sepangi and S. Shahidi, JCAP 1505
(2015) 022
[62] J. Matsumoto, S. D. Odintsov and S. V. Sushkov, Phys. Rev. D 91
(2015) no.6, 064062
[63] D. Momeni, R. Myrzakulov and E. Gu¨dekli, Int. J. Geom. Meth. Mod.
Phys. 12 (2015) no.10, 1550101
[64] R. Myrzakulov and L. Sebastiani, Gen. Rel. Grav. 47 (2015) no.8, 89
[65] A. V. Astashenok, S. D. Odintsov and V. K. Oikonomou, Class. Quant.
Grav. 32 (2015) no.18, 185007
[66] R. Myrzakulov, L. Sebastiani and S. Vagnozzi, Eur. Phys. J. C 75
(2015) 444
[67] R. Myrzakulov, L. Sebastiani, S. Vagnozzi and S. Zerbini, Class. Quant.
Grav. 33 (2016) no.12, 125005
25
[68] S. D. Odintsov and V. K. Oikonomou, Phys. Rev. D 93 (2016) no.2,
023517
[69] K. Hammer and A. Vikman, arXiv:1512.09118 [gr-qc].
[70] S. Ramazanov, F. Arroja, M. Celoria, S. Matarrese and L. Pilo, JHEP
1606 (2016) 020
[71] S. Nojiri, S. D. Odintsov and V. K. Oikonomou, Class. Quant. Grav.
33 (2016) no.12, 125017
[72] S. Nojiri, S. D. Odintsov and V. K. Oikonomou, Phys. Rev. D 94 (2016)
no.10, 104050
[73] N. Sadeghnezhad and K. Nozari, Phys. Lett. B 769 (2017) 134
[74] E. H. Baffou, M. J. S. Houndjo, M. Hamani-Daouda and F. G. Al-
varenga, Eur. Phys. J. C 77 (2017) no.10, 708
[75] S. Vagnozzi, Class. Quant. Grav. 34 (2017) no.18, 185006
[76] M. Bouhmadi-Lo´pez, C. Y. Chen and P. Chen, JCAP 1711 (2017)
no.11, 053
[77] L. Shen, Y. Mou, Y. Zheng and M. Li, Chin. Phys. C 42 (2018) no.1,
015101
[78] S. Nojiri, S. D. Odintsov and V. K. Oikonomou, Phys. Lett. B 775
(2017) 44
[79] J. Dutta, W. Khyllep, E. N. Saridakis, N. Tamanini and S. Vagnozzi,
JCAP 1802 (2018) no.02, 041
[80] A. Golovnev, Phys. Lett. B 779 (2018) 441
[81] D. Langlois, M. Mancarella, K. Noui and F. Vernizzi, arXiv:1802.03394
[gr-qc].
[82] S. Brahma, A. Golovnev and D. H. Yeom, Phys. Lett. B 782 (2018)
280
[83] J. de Haro, L. Areste´ Salo´ and S. Pan, arXiv:1803.09653 [gr-qc].
26
[84] Y. Zhong and D. Sa´ez-Chillo´n Go´mez, Symmetry 10 (2018) no.5, 170
[85] A. H. Chamseddine and V. Mukhanov, JHEP 1806 (2018) 060
[86] A. H. Chamseddine and V. Mukhanov, JHEP 1806 (2018) 062
[87] T. Z los´nik, F. Urban, L. Marzola and T. Koivisto, arXiv:1807.01100
[gr-qc].
[88] G. G. L. Nashed, W. El Hanafy and K. Bamba, arXiv:1809.02289 [gr-
qc].
[89] L. Sebastiani, S. Vagnozzi and R. Myrzakulov, Adv. High Energy Phys.
2017 (2017) 3156915
[90] E. Babichev and S. Ramazanov, Phys. Rev. D 95 (2017) no.2, 024025
[91] E. Babichev and S. Ramazanov, JHEP 1708 (2017) 040
[92] A. Ganz, N. Bartolo, P. Karmakar and S. Matarrese, arXiv:1809.03496
[gr-qc].
[93] F. Arroja, N. Bartolo, P. Karmakar and S. Matarrese, JCAP 1509
(2015) 051
[94] Y. Rabochaya and S. Zerbini, Eur. Phys. J. C 76 (2016) no.2, 85
[95] F. Arroja, N. Bartolo, P. Karmakar and S. Matarrese, JCAP 1604
(2016) no.04, 042
[96] G. Cognola, R. Myrzakulov, L. Sebastiani, S. Vagnozzi and S. Zerbini,
Class. Quant. Grav. 33 (2016) no.22, 225014
[97] F. Arroja, T. Okumura, N. Bartolo, P. Karmakar and S. Matarrese,
JCAP 1805 (2018) 050
[98] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594
(2016) A20
[99] M. Rinaldi, Phys. Dark Univ. 16 (2017) 14
[100] A. Diez-Tejedor, F. Flores and G. Niz, Phys. Rev. D 97 (2018) no.12,
123524
27
[101] A. Casalino and M. Rinaldi, arXiv:1807.01995 [gr-qc].
[102] P. Horava, Phys. Rev. D 79 (2009) 084008
[103] S. Nojiri and S. D. Odintsov, Phys. Rev. D 81 (2010) 043001
[104] S. Nojiri and S. D. Odintsov, Phys. Lett. B 691 (2010) 60
[105] S. Nojiri and S. D. Odintsov, Phys. Rev. D 83 (2011) 023001
[106] D. Blas, O. Pujolas and S. Sibiryakov, JHEP 0910 (2009) 029
[107] D. Blas, O. Pujolas and S. Sibiryakov, Phys. Rev. Lett. 104 (2010)
181302
[108] D. Blas, O. Pujolas and S. Sibiryakov, Phys. Lett. B 688 (2010) 350
[109] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594
(2016) A13
[110] R. R. Caldwell, M. Kamionkowski and N. N. Weinberg, Phys. Rev.
Lett. 91 (2003) 071301
[111] P. H. Frampton, K. J. Ludwick and R. J. Scherrer, Phys. Rev. D 84
(2011) 063003
[112] A. V. Astashenok, S. Nojiri, S. D. Odintsov and A. V. Yurov, Phys.
Lett. B 709 (2012) 396
[113] I. D. Saltas and V. Vitagliano, JCAP 1705 (2017) no.05, 020
[114] N. Brouzakis, A. Codello, N. Tetradis and O. Zanusso, Phys. Rev. D
89 (2014) no.12, 125017
[115] I. D. Saltas and V. Vitagliano, Phys. Rev. D 95 (2017) no.10, 105002
[116] M. Chaichian, J. Kluson, M. Oksanen and A. Tureanu, JHEP 1412
(2014) 102
[117] A. Ijjas, J. Ripley and P. J. Steinhardt, Phys. Lett. B 760 (2016) 132
[118] H. Firouzjahi, M. A. Gorji and S. A. Hosseini Mansoori, JCAP 1707
(2017) 031
28
[119] D. Yoshida, J. Quintin, M. Yamaguchi and R. H. Brandenberger, Phys.
Rev. D 96 (2017) no.4, 043502
[120] S. Hirano, S. Nishi and T. Kobayashi, JCAP 1707 (2017) no.07, 009
[121] Y. Zheng, L. Shen, Y. Mou and M. Li, JCAP 1708 (2017) no.08, 040
[122] Y. Cai and Y. S. Piao, JHEP 1709 (2017) 027
[123] Y. Cai and Y. S. Piao, Phys. Rev. D 96 (2017) no.12, 124028
[124] K. Takahashi and T. Kobayashi, JCAP 1711 (2017) no.11, 038
[125] M. A. Gorji, S. A. Hosseini Mansoori and H. Firouzjahi, JCAP 1801
(2018) no.01, 020
29
